This study details climate change assessment of the hydrological regime of Indrawati basin of Nepal. The study uses Soil and Water Assessment Tool (SWAT) model to delineate, discretize and parameterize the Indrawati basin to compute model's input parameters. The model was then run for 1990-2014 to simulate the discharge at the outlet (Dholalghat). The coefficient of determination and Nash-Sutcliffe (ENS) were used to evaluate model calibration and validation. The results found were satisfactory for the gauging station = 0.951 and ENS = 0.901 for calibration and = 0.937 and. ENS = 0.906 for validation. The calibrated hydrological model was run for the future climate change scenario using the RegCM4-LMDZ4 data and the relative changes with the baseline scenarios were analyzed. The comparison suggests that the historical trend of flow is decreasing at the rate of 0.55 m 3 /s per year. According to RegCM4-LMDZ4 simulations, the trend is going to continue but at a flatter rate. The decreasing trend is observed to be very less. The characteristic peak flow month in the historical scenario is August but the RegCM4-LMDZ4 led simulated flows suggest a shift in monthly peak to October suggesting decrease in monsoon flows and a subsequent significant increase in flows from October to January.
INTRODUCTION
Nepal is largely a mountainous country. The climate in Nepal varies from the tropical to the arctic within the 200km span from south to north. National mean temperatures hover around 15 °C and increase from north to south except for mountain valleys. Average rainfall is 1,500 mm, with rainfall increasing from west to east. Rainfall also varies by altitude; areas over 3,000 m experience a lot of drizzle while heavy downpours are common below 2,000 m (Team-Nepal, 1997) . Climate in the Indrawati basin is primarily governed by the interaction of the South Asian monsoon system and the Himalayas. Heavy rainfall, relatively high temperatures, and humidity characterize the summer months from roughly mid-May to mid-October; nearly half the total annual rainfall occurs in the months of July and August. Temperatures range from 5 degrees to 32.5 degrees Centigrade (Sharma C. , 2002) . In the present condition, Indrawati has poor land use practices, improper management systems and lack of appropriate soil conservation measures, which lead water resources to degrade with the time. With issue of climate change which is being highly raised and while on the other hand Melamchi water supply project development is questionable as the flow in perennial rivers is under change with significantly reduced dry season flow, this is likely to cause serious problems in the design of different water infrastructures in the Indrawati basin. The specific objectives of this research is to run the Arc-SWAT model on Indrawati River Basin and to assess the impact of climate change on the hydrology of the Indrawati basin.
STUDY AREA
The Indrawati river basin is located in the central Nepal, approximately 50 km north east from the capital city of Nepal in Kathmandu ( Fig. 1) and is the part of the larger Koshi basin. The Indrawati River originates in the high Nepali Himalayas, eventually joining the Sun Koshi. The Indrawati river basin is an important river basin due to its significance in water diversion into the Kathmandu Valley.
The river basin is situated in the mid-hills of Nepal and has a high variation in altitude. The altitude ranges from 595 to 5838 m above sea level (msl). Both snowmelts and spring sources *Corresponding Author contribute to the base flow of the river. The basin lies within the latitude 27°27'11" N-28°10'12" N and longitude 85°45'21" E-85° 260'6" E with a total drainage area of 1230 km2. The main tributaries of the Indrawati River are Melamchi, Yangri, Larke, Mahadev, Chaa, Handi, and Jhyangri. Among all the tributaries, water from the Melamchi, Yangri, and Larke Rivers is planned for diversion into the Kathmandu Valley (Bhattarai, 2002) .
DATA AND RESEARCH METHODOLOGY
The overall methodology of the study is represented in the diagram below. Methodology is based on the Arc Swat hydrological modeling workflow. Data required for the modeling is collected and fitted on the model on after another and done the analysis as show in the diagram For this, following spatial and spatial-temporal data were acquired, prepared and used as inputs, and the processes were implemented to meet the objectives of the study.
Topographical Data
The topography of the Indrawati watershed basin was defined by the ASTER GDEM v2.0. It has spatial resolution of 30m. A DEM represents the 3-dimensional topographic features of the study area. The DEM used in this study is of 30 m x 30 m grid size. Sub basin parameters such as slope gradient, slope length of the terrain and the stream network characteristics such as slope length and width were derived from DEM.
Land Use
The Landsat derived land use map with a spatial resolution of 30m obtained from International Centre for Integrated Mountain Development (ICIMOD)'s geo-portal was used for the study. The reclassification of the land use map was done to represent the land use according to the specific land use / cover types and the respective parameters defined in the SWAT database. Land use map is reclassified to represent the respective parameters were selected from SWAT database. A look up table that identifies the 4-letter SWAT code for the different categories of land cover/land use was prepared to relate the grid values to SWAT land cover/land use classes. SWAT calculated the area covered by each land use.
Soil Data
The SWAT model requires different soil textural and physicalchemical properties such as soil texture. These data were obtained mainly from the FAO soil properties database (FAO, 2002) and other sources. A FAO Soil map was downloaded and clipped for the Indrawati river Basin using ArcGIS spatial analyst tools.
Meteorological Data
Meteorological data is needed by the SWAT model to simulate the hydrological conditions of the basin. The meteorological data required for this study were collected from the Department of Hydrology and Meteorology (DHM) of Nepal. The meteorological data collected were daily precipitation, daily maximum and minimum temperature. Data from 8 stations, which are within and around the study area, were collected.
Hydrological data
The hydrological data was required for two purposes, first for performing sensitivity analysis, calibration and validation of the model, and the latter one was to define inlet discharge points for the basin. The hydrological data for both purposes were collected from the hydrology section of the DHM. 
Station

SWAT MODEL SETUP
Geographic information systems data for the SWAT model were preprocessed by two separate functions watershed delineation and determination of hydrologic response units (HRUs) and outlined in the next subtopics in detail:
Watershed delineation
Arc SWAT uses Digital Elevation Model (DEM) data to automatically delineate the watershed into several hydrologically connected sub-watersheds. After the DEM grid was loaded and the stream networks superimposed, the DEM map grid was processed to remove the non-draining zones. The initial stream network and sub-basin outlets were defined based on drainage area threshold approach. The threshold area defines the minimum drainage area required to form the origin of a stream. The smaller the threshold area, the more detailed the drainage network delineated by the interface but the slower the processing time and the larger memory space is required. In this study, defining of the threshold drainage area was defined by using the threshold value. Besides those sub-basin outlets created by the interface, outlet was also manually added at the Dolalghat gauging station where sensitivity analysis, calibration and validation tasks were later performed. Then watershed delineation activity was finalized by calculating the geomorphic sub-basin parameter.
Hydrologic response unit analysis
Hydrologic response units (HRUs) are lumped land areas within the sub-basin that are comprised of unique land cover, soil, slope and management combinations. HRUs enable the model to reflect differences in evapotranspiration and other hydrologic conditions for different land covers and soils. The land use and the soil data in a projected Grid file format were loaded into the Arc SWAT interface to determine the area and hydrologic parameters of each land-soil category simulated within each subwatershed. A look-up table that identifies the 4-letter SWAT code for the different categories of land cover/land use was prepared to relate the grid values to SWAT. Calculation of the area covered by each land use and reclassification were done. The same techniques as of the land use was applied to soil layer in the map by linking it to the user soil database information by loading the soil look-up table and reclassification applied. The land slope classes were also integrated in defining the hydrologic response units. The DEM data used during the watershed delineation was also used for slope classification. The multiple slope discretization operation was preferred over the single slope discretization as the sub-basins have a wide range of slopes between them. Based on the suggested minimum, maximum, mean and median slope statistics of the watershed, four slope classes (0-5, 5-10, 10-30 and >30) were applied and slope grids reclassified. The HRU distribution in this study was determined by assigning multiple HRU to each sub-watershed. In multiple HRU definition, a threshold level was used to eliminate minor land uses, soils or slope classes in each sub-basin. Land uses, soils or slope classes which cover less than the threshold level was eliminated and the area of the remaining land use, soil, or slope class was reapportioned so that 100% of the land area in the sub-basin was modeled. The threshold levels set is a function of the project goal and amount of detail required. Use a larger number of sub-basins than larger number of HRUs in a subbasin; a maximum of 10 HRUs in a sub-basin is recommended. Hence, taking the recommendations in to consideration, 5%, 5%, and 5% threshold levels for the land use, soil and slope classes were applied, respectively to encompass most of spatial details.
Importing climate data
The climate of a watershed provides the moisture and energy inputs that control the water balance and determine the relative importance of the different components of the water cycle. The climatic variables required by SWAT daily precipitation, maximum and minimum temperature, solar radiation, wind speed and relative humidity were prepared in the appropriate dbase format. Due to data availability and quality, daily precipitation, and maximum and minimum temperature in dbase format were the climatic input variables imported together with their weather location. And due to lack of complete weather data the Hargreaves method which uses daily maximum and minimum temperature, was used to determine the potential evapotranspiration.
Model calibration
Calibration is the process of gathering the conceptual parameters, and is done as a forerunner to testing of the model hypothesis. During calibration, parameters of unmeasured variables are estimated using information that is available from the real system. The 12 years of observed series of flow at Dolalghat gauging station is divided into three-time frames, namely: the 'warming-up ', 'calibration' and 'validation' periods from 1990-94, 1995-1999 and 2000-2006, respectively. The provision of the warming up period is to initialize unknown variables such as moisture content.
Calibration for the water balance was done for average monthly conditions. As the parameters affecting the storm flow and baseflow are not the same, the calibration was done separately for both by considering the resultant hydrograph as the basis for judgment. The storm flow was calibrated by adjusting the sensitive parameters which affect storm flow like CN2 (Initial SCS runoff curve number for moisture condition II), Ch_N (Manning's "n" value for the main channel) and Esco (Soil evaporation compensation factor). Preliminary Calibration of base-flow was performed by judging the flows during the dry months from the hydrograph and adjusting the sensitive parameters which affect groundwater contribution. The most sensitive base-flow parameters which were adjusted were GW_Revap (Groundwater "revap" coefficient), REVAPMN (threshold depth of water in the shallow aquifer for "revap" or percolation to occur), and GWQMN (depth of water in the shallow aquifer required for return flow to occur). The simulated versus observed values for each adjustment were evaluated with coefficient of determination (R2) and Nash-Sutcliffe efficiency. The parameters were adjusted until the R2 and ENS results reached a desired value. However, after adjustments of baseflow parameters, the storm flow was checked because the adjustments of the base-flow parameters will affect the storm flow in some way. Once the water balance was calibrated, temporal flow calibration was performed at each step by adjusting parameters which affects the shape of the hydrograph. The parameters adjusted were Ch_K (effective hydraulic conductivity in main channel alluvium), alpha_BF (baseflow alpha factor), Surlag (Storm flow lag coefficient) and GW-Delay (Groundwater delay time). Maximum and minimum parameter value limits were maintained to keep the output values within a reasonable value range. Finally, the calibrated model was re-run to provide the best fit between the measured and simulated data.
Model validation
In order to utilize the calibrated model for estimating effectiveness of future potential management practices, the model was tested against an independent set of measured data. As the model, predictive capability was demonstrated as being reasonable in both the calibration and validation phases, SWAT model can be used for future predictions under different scenarios. In this study, the model was validated with independent validation period of 2000 -2006.
RESULTS AND DISCUSSION
Catchment Characteristics of Indrawati Basin
The watershed delineation and HRU definition in the Indrawati Basin gave effective watershed area 1130 km2 which resulted in 21 sub-basins with 555 HRUs. The area coverage by the major land use types in each HRU is presented in table below.
The major portion of the watershed is covered by the Forest area which accounts for 48.28% of the total watershed area. Agricultural land constitutes the second largest portion of the watershed with 32.21%. 
Model Calibration
Manual Calibration was done by changing the sensitive parameter, after the Manual-calibration, best fit parameter values which have effect on the runoff were obtained. The parameter values thus obtained were used for the climate data and future projection of the Indrawati basin.
For best fit parameter values, CN_2 was calibrated to adjust the surface flow, and it was decreased by 40%because of its higher potential to contribute to storm flow. Another parameter to adjust the same flow component was ESCO, which accounts for the easiness with which water from lower layers is available for evaporation.
Lower value accounts for higher evapotranspiration. The value of ESCO was set to 2 for forest areas and was set to 1.5 for agricultural land. As similar way canopy storage was made higher for forested areas and lower for agricultural land. For adjusting subsurface flow, GWQMN water -5/W2, 2019 Capacity Building and Education Outreach in Advanced Geospatial Technologies and Land Management, 10-11 December 2019, Dhulikhel, Nepal depth in the shallow aquifer was adjusted. The value of GWQMN was increased to 3500 mm. The default value of 0.014 for Ch_N2 is, of course, unrealistic; hence, it was increased to 0.05, to account for the overall roughness of the channel bed. Parameter Ch_K2 adjusts the water exchange from ground water to river and was found to be very sensitive to adjust the shape of hydrograph, especially for low flows (dry Season). The value of Ch_K2 was increased to 110 mm/hr. ALPHA_BF was also used to smoothen the shape of hydrograph, especially for recession period, and it was increased to 0.1. The SURLAG coefficient was replace to 14. Hence was essential in adjusting the base flow component of the hydrograph. The other sensitive parameters along with their sensitivity ranking and fitting values are provided. Period (1994 -1999) :
Calibration
For the calibration period, the simulation of flow with the observed values suggested that the model had a strong predictive capability with ENS = 0.901 and R^2 = 0.951.
It can be observed from Figure 3 that the model simulates the flow very well but was not able to catch isolated the high flow events.
Validation Period (2001-2006):
Validation for the model was done for the independent validation data set of six years (2001) (2002) (2003) (2004) (2005) (2006) . The model was again found to have the strong predictive capability with the flow simulation. The ENS value was found to be 0.906 and the R^2 value as 0.937. Fig. 5 and 6 show the comparison between simulated and observed mean monthly flows for the validation period. 
Modelled discharge m3/s
Observed discharge m3/s Validation ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume IV-5/W2, 2019 Capacity Building and Education Outreach in Advanced Geospatial Technologies and Land Management, 10-11 December 2019, Dhulikhel, Nepal 
Discussions
In general, there was good agreement between measured and simulated monthly stream flow (NSE = 0.901) for the calibration period. The corresponding simulation efficiencies for the validation period were 0.906 respectively. As can be read from the figure, higher precipitation is clearly reflected by the response on water. However, the simulation of dry season flow was slightly underestimated but overall, the agreement between the observed and simulated stream flow was acceptable. The groundwater parameters presented some difficulties in the calibration exercise, as there was not adequate information on their estimates for this region. The peak flows and peak sediment loads were also not adequately simulated, which could be attributed to inadequate representation of the spatial variability of rainfall. However, the statistical and graphical evaluations of the model performance showed that it could be reliably used for simulating hydrology in catchments with readily available observed data. Simulated monthly water yield at Dolalghat is in table below:
Simulated Monthly water yield at Dholalghat Station (mm) Y Table 7 . Simulated Monthly water yield
Assessment of future hydrology Comparison of flow in historical and projected flow series
The calibrated hydrological model was run for the future climate change scenario from 2031-2050 using the RegCM4-LMDZ4 data and the relative changes with the baseline scenarios from 1994 -2013 were analyzed. The time periods were selected to consider a 20-year period for both the historical and future series. The simulated historical data from 1994 -2013 was considered as the baseline data to improve the homogeneity of the comparison of model simulated historical and projected flows. This also reduces the uncertainty arising from model simulations. The comparison suggests that the historical trend of flow is decreasing at the rate of 0.55 cumecs/year. According to RegCM4-LMDZ4 simulations, the trend is going to continue but at a flatter rate. The decreasing trend is observed to be very less. This also gives an indication of stable or increasing flows after the 2050s. However suggest a drop in annual flows to 32.3 cumecs in the future as compared to the 38.2 cumecs in historical scenarios.
Change in monthly flow
The characteristic peak flow month in the historical scenario is August but the RegCM4-LMDZ4 led simulated flows suggest a shift in monthly peak to October suggesting decrease in monsoon flows and a subsequent significant increase in flows from October to January. It can be incurred that from the water availability point of view, climate change is not going to impact greatly the basin water resources. However, monthly variations in flow are quite high and a significant decrease in monsoon flows can have a major impact on the operation of many water resources project in the region.
% Change in flow relative to historical monthly average
Possible water withdrawals from the river under no storage condition or the storage reservoir capacity and/or operation of the reservoir depend on the monthly availability of the flow and its variation. To evaluate this aspect of flow, the percentage change in the average of monthly flows for the projected periods versus the baseline average monthly values were calculated and are depicted in figure 8. The changes in monthly flows vary from decrement up to 75% in August to increments by more than 303% relative to historical monthly average in January. Most of the flow is increasing during the lean period and decreasing in June, July, August, and September. Changes in the operation rules moreover become a necessity to deal with these changes in monthly flows ultimately.
CONCLUSIONS
The watershed simulation model robust hydrological model Soil and Water Assessment Tool (SWAT) was applied to Indrawati Basin at Dolalghat to simulate the discharge at the outlet. Likewise, The RegCM4-LMDZ4 projected data was used in the SWAT model to assess the possible climatic impacts on the hydrology of the Indrawati River Basin. Given the complexities of a watershed and the large number of interactive processes taking place simultaneously and consecutively at different times and places within a watershed, it is quite remarkable that the simulated results comply with the measurements to the degree. There was good agreement between measured and simulated monthly stream flow (NSE = 0.901) for the calibration period. The corresponding simulation efficiencies for the validation period was 0.906. The fair matching of the hydrographs and the graphs following the trend of precipitation shows a good predictive capability of the model. The comparison of model simulated historical and projected flows suggests that the historical trend of flow is decreasing at the rate of 0.55 cumecs/year. According to RegCM4-LMDZ4 simulations, the trend is going to continue but at a flatter rate. The decreasing trend is observed to be very less.The results with the GCM led simulations in this study have shown a peculiar result. The results suggest a drop-in monsoon flows and increase in dry season flows thereby suggesting a shift in peak flows from August to October. This is an atypical result as compared to the ongoing research in the river basins in Nepal. This can arise due to the inability of the GCM to project the future as per the hydrological conditions in the area. It has been well documented that the GCM led projections can have a very high degree of uncertainty associated with them.
